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,,QWURGXFWLRQ
7KHVWXG\RIWKHUPDOSURSHUWLHVRIEXLOGLQJV\VWHPVLVSDUWLFXODUO\UHOHYDQWGXHWRWKHFOLPDWHHIIHFWVRQEXLOGLQJV,Q
H[WUHPHO\ FROG RUKRW FOLPDWHV LVQHFHVVDU\ WR XQGHUVWDQG WKHLU EHKDYLRU LQ RUGHU WR LPSURYH WKHGHVLJQ DVZHOO DV WKH
DGDSWDWLRQVRWKDWZHFDQFRQWULEXWHWRWKHLPSURYHPHQWVLQWKHLQVLGHHQYLURQPHQWRIEXLOGLQJVDQGWKHHQHUJ\VDYLQJVLQ
DLUFRQGLWLRQLQJ,Q0p[LFRWKHUHH[LVWFRGHVWRHYDOXDWHWKHHQHUJ\HIILFLHQF\RIUHVLGHQWLDODQGQRQUHVLGHQWLDOEXLOGLQJV
120(1(5>@DQG120(1(5>@UHVSHFWLYHO\DVZHOODVRQHWRHYDOXDWHWKHWKHUPDOUHVLVWDQFH
RIEXLOGLQJV\VWHPVWKHGUDIWFRGH10;&211&&(>@,QWKHFDOFXODWLRQVWRH[DPLQHWKHFRPSOLDQFHRIWKH
FRGH LW LV UHTXLUHG WR NQRZ WKH WKHUPRSK\VLFDO SURSHUWLHV RI WKH EXLOGLQJ PDWHULDOV DFFRUGLQJ ZLWK WKHLU SDUWLFXODU
FKDUDFWHULVWLFVEHFDXVHWKHPDWHULDOVDUHGLIIHUHQWLQWKHUHJLRQVZKHUHWKH\DUHSURGXFHGLQWKHFDVHRIFOD\UXEEOHZRUNV
DORQJZLWKFRQFUHWHVDQGPRUWDUV

7KHUH DUH FRPPHUFLDO HTXLSPHQWV WR HYDOXDWH WKH WKHUPDO FKDUDFWHULVWLFV DV FRQGXFWLYLW\ DQG WKHUPDO UHVLVWDQFH RI
EXLOGLQJPDWHULDOV7KHVH HTXLSPHQWVPRVWO\ XWLOL]H D VPDOO VDPSOH RI WKHPDWHULDO 6HYHUDO SDSHUVKDYH EHHQUHSRUWHG
2VVDPDDQG0XDUOL >@KDYH GRQH DQ H[SHULPHQWDO VWXG\ RIZDOOVPDGH RI KROORZ EORFNV XVLQJ WKHKRW ER[ WHFKQLTXH
WDNLQJLQWRDFFRXQWWKHFRQYHFWLYHHIIHFWRIWKHFDYLWLHV$QGHUVRQ>@UHDOL]HGDWKHRUHWLFDOVWXG\RIWZRGLPHQVLRQDOZDOOV
XVLQJ WKH ILQLWHHOHPHQWPHWKRG ,WKDVEHHQGRQH WKHRUHWLFDO VWXGLHV IRU WKH WKHUPDOEHKDYLRURIZDOOVDQGFRQVWUXFWLYH
HOHPHQWVDV9DVLOHHWDO>@&KDYH]DQG:LOVRQ>@WKDWPDGHDQDQDO\VLVRIWKHXQVWHDG\VWDWHKHDWWUDQVIHUXVLQJILQLWH
HOHPHQWPHWKRG,VLPSRUWDQWWRVWDQGRXWWKDWPRVWRIWKHUHIHUHQFHVIRXQGFRUUHVSRQGWRWKHRUHWLFDORUVLPXODWLRQVWXGLHV
DQGIHZHUVWXGLHVDUHUHODWHGWRH[SHULPHQWDWLRQRUFRQVWUXFWLRQRIPHDVXUHPHQWGHYLFHV

7KLV SDSHU GHWDLOV WKH SURFHVV RI GHVLJQ DQG WKH ILUVW SDUW RI D VHPLDXWRPDWLF FRQVWUXFWLRQ GHYLFH WR GHWHUPLQH WKH
WKHUPDOFRQGXFWLYLW\DQGUHVLVWDQFHRIFRPSRXQGPDVRQU\PDWHULDOVRIVHYHUDOVL]HVDQGFRQILJXUDWLRQVHLWKHUKROORZRU
VROLGLQDUHDOVL]HVDPSOH7KHFRPSRQHQWVVXFKDVZDOOVPDGHRIKROORZEORFNVRUEULFNVZLWKFRYHULQJHOHPHQWVWKDW
FDQEHHYDOXDWHGIRUYDULDEOHRSHUDWLQJFRQGLWLRQV

7KHGHYLFHFRQVLVWHGRIDFDELQHWZLWKWZRXQLWVRQHIRUFRROLQJDQGRWKHUIRUKHDWLQJOHDYLQJWKHVSDFHRIPIRU
WKHSODFHPHQWRIVDPSOHVZLWKVL]HVRIPZLGWKDQGPKLJK,WVXSSOLHVWKHKHDWIOX[E\DQHOHFWULFDOUHVLVWDQFH
DQGWKHQKHDWLVWUDQVIHUUHGWKURXJKWKHZDOOHOHPHQWIORZLQJWRWKHFROGHUVLGHIRUYDULDEOHRSHUDWLQJFRQGLWLRQVWKHUHIRUH
WKHUPDO FRQGXFWLYLW\ DQG WKHUPDO UHVLVWDQFH RI UHDOPDVRQU\ZDOOV FDQ EH FDOFXODWHG WR YDULDEOH RSHUDWLYH FRQGLWLRQVRI
WHPSHUDWXUH
%DFNJURXQG
3UHYLRXVO\ WR WKH DFWXDO GHYLFH%RUEyQ >@DQDO\]HG QXPHULFDOO\ WKH XQLGLUHFWLRQDO VWHDG\ VWDWH KHDW WUDQVIHU LQ D
PRGHOWKDWHVWDEOLVKHVWKHGHVLJQLQDFFRUGDQFHWRWKHLQWHUQDWLRQDOFRGH$670&>@8VLQJWKLVPRGHOWKHWKHUPDO
UHVLVWDQFHDQGWKHKHDWIOX[LQDKROORZEORFNZDOOZLWKDQDUHDRIPXQGHUFRQGLWLRQVRIKRWFOLPDWHZDVWKHRUHWLFDOO\
HYDOXDWHG)LJDVKRZVWKHVLPXODWLRQUHVXOWVIRUWKHWKHUPDOUHVLVWDQFH5DQGWKHKHDWIOX[TUHVXOWVHYHU\KRXULQD
W\SLFDOVXPPHUGD\$VLWFDQEHVHHQLQ)LJE5GHFUHDVHVDVWKHWHPSHUDWXUHGLIIHUHQFHLQFUHDVHV7KHYDULDWLRQRI5
RIWKHFRPSRVLWHKROORZZDOOLVGXHWRWKHRSHUDWLYHWHPSHUDWXUHFRQGLWLRQVDQGWKHHIIHFWVRIWKHKROORZFDYLWLHVLQWKH
ZDOO7KHVDPHFRQGLWLRQVWKDQWKHWKHRUHWLFDOPRGHOZHUHUHSURGXFHGH[SHULPHQWDOO\LQDNLQGRISURWRW\SHVKRZQLV)LJ
DEDVHGRQWKH+RW3ODWHWHFKQLTXHKDYLQJWZRWKHUPDOEDWKVE\%RUEyQ>@)LJEVKRZVVRPHRIWKHUHVXOWVVXFK
DVWKHPHDVXUHGWHPSHUDWXUHVRIKRWDQGFROGSODWHDVZHOODVWKHLQOHWWHPSHUDWXUHDQGRXWOHWZDWHURIERWKSODWHVWKHKHDW
IORZ LV FDOFXODWHG ZLWK (TXDWLRQ  ZKHUH * LV WKH IORZ UDWH LQ OPȡ LV WKH GHQVLW\ RI ZDWHU ZKLFK LV FRQVLGHUHG
FRQVWDQWDQGHTXDOWRNJPDQG&SLVWKHVSHFLILFKHDWRIZDWHUWDNHQFRQVWDQWZLWKDYDOXHRI-NJ&¨7IOXMR
LV FRQVLGHUHG DV WKH WHPSHUDWXUH GLIIHUHQFH RI WKH LQIORZ DQG RXWIORZ RIZDWHU IURP WKH KHDW H[FKDQJHUV 7KH WKHUPDO
UHVLVWDQFH LV FDOFXODWHG ZLWK WKH ([SUHVVLRQ  ZKHUH ǻ7 LV WKH DYHUDJH WHPSHUDWXUH GLIIHUHQFH LQ WKH ZDOO PHDVXUHG
EHWZHHQWKHFDOFXODWHGKHDWIORZDQGWKHZDOODUHDRIPRIEDVHDQGPRIKHLJKW


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E5YDULDWLRQZLWKUHVSHFWWRǻ7

+RZHYHUWKLVSUHYLRXVSURWRW\SHSUHVHQWHGVHYHUDOSUREOHPVZLWKWKHUHSODFHPHQWRIWKHVDPSOHVGXHWRLWVVL]HDQG
ZHLJKW D WHPSHUDWXUH XQLIRUPLW\ WURXEOH LQ WKH SODWHV DQG WKH XQFHUWDLQW\ LQ WKH KHDW IOX[ FRPSXWDWLRQ GXH WR WKHLU
PHDVXUHPHQWIURPPDVVIORZUDWHV7KLVPHDVXUHPHQWV\VWHPVKRZHGDQXQFHUWDLQW\RI
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
)LJD2ULJLQDOSURWRW\SHE5HVXOWVZLWKWKHRULJLQDOSURWRW\SH

)URPWKLVSUHYLRXVSURWRW\SHDQHZGHYLFHZDVGHVLJQHGWRPHDVXUHWKHUHTXLUHGYDULDEOHVWRFDOFXODWH5RIPDVRQU\
ZDOO V\VWHPV2QHRI WKHPDLQFKDUDFWHULVWLFVRI WKLVQHZGHYLFH LV LWVUROOLQJPRXQWLQJVDPSOHKROGHU WKDW LW LVDEOHWR
H[FKDQJH HDVLO\ WKH VDPSOH IRU LWV PHDVXUHPHQW )XUWKHUPRUH LW LV VHPLDXWRPDWLF ZKLFK DOORZV D JRRG VHDOLQJ WKDW
PLQLPL]HVWKHKHDWORVVHVWRWKHH[WHULRUDQGDOVROHWWKHFROGDQGKRWWHPSHUDWXUHVEHXQLIRUP7KHKRWSODWHLVPDGHZLWK
DQ HOHFWULFDO UHVLVWDQFH VR LW VXEVWLWXWHV WKH WKHUPDO EDWK$OO RI WKHVH IHDWXUHV UHGXFH WKH XQFHUWDLQWLHV LQ WHPSHUDWXUH
PHDVXUHPHQWDJDLQVWWKHSUHYLRXVSURWRW\SH$FFRUGLQJWRWKHPRGHOWKHWHVWLQJZLOOEHLQVWHDG\VWDWHIRUVDPSOHVZLWK
WKLFNQHVVHVIURPWRP7KHRSHUDWLQJWHPSHUDWXUHVDUHYDULDEOHLQRUGHUWRHVWDEOLVKGLIIHUHQWΔ7DFFRUGLQJWRWKH
UHTXLUHGQHHGV

([SHULPHQWDOGHYLFH

7KH GHVLJQ LV PDGH ZLWK 6ROLG :RUNV VRIWZDUH WR GHILQH WKH GLPHQVLRQV PHFKDQLFDO SDUWV DQG HOHFWURSQHXPDWLF
DXWRPDWHGPRWLRQV\VWHPWRPRYHWKHSODWHV

7KHGHYLFHFRQVLVWVRIDFDELQHWRIPKLJKDQGPZLGHOLQHGZLWKJDXJHVKHHW)LJVKRZVWKHVFKHPDWLF
GLDJUDPRIWKHH[SHULPHQWDOGHYLFHWKDWFRQVLVWVRIDWHVWFDELQHWLQZKHUHWKHVDPSOHLVLQWURGXFHGWKURXJKDUROOLQJEDVH
RUVDPSOHKROGHU7KHFRQFHSWRIWKHSURWRW\SHLVEDVHGRQWZRXQLWVSODFHGHDFKVLGHRIWKHVDPSOHRQHIRUKHDWLQJDQG
DQRWKHU IRU FRROLQJ DV VKRZQ LQ WKH )LJ  7KH WZR XQLWV JHQHUDWH D WHPSHUDWXUH GLIIHUHQFH IRU VHYHUDO RSHUDWLYH
FRQGLWLRQV7KHFRROLQJXQLWRUFROGSODWHLVPDGHXSE\DNLQGRI7HPS3ODWHDKHDWH[FKDQJHURIUROOHGVWDLQOHVVVWHHO
JDXJHZLWKLQVXODWLRQIURPZKHUHWKHZDWHUUHFLUFXODWHVDWFRQWUROOHGWHPSHUDWXUHE\DUHFLUFXODWLQJFKLOOHUV\VWHPZLWKD
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WHPSHUDWXUHUHVROXWLRQRI&7KHKRWSODWHLVPDGHXSE\HOHFWULFUHVLVWDQFHVV\VWHPFRQQHFWHGLQSDUDOOHORYHUDQ
DOXPLQXPSODWHZLWKDWKLFNQHVVRI´7KHUHVLVWRUVDUHRIW\SHIOH[LEOHZLWKVLOLFRQFRYHURI´[9DQG
:7KH HQHUJ\ SURYLGHG WR WKH HOHFWULFDO UHVLVWDQFHV LV E\ D SRZHU VRXUFH VXSSO\LQJ WKH HQHUJ\ LQ D FRQWUROOHG
PDQQHUWRHOHYDWHXQLIRUPO\WKHWHPSHUDWXUHRIWKHSODWHV7KHSRZHUVRXUFHVDUH:IURP97KHWHPSHUDWXUH
RIWKHFROGSODWHFDQKDYHXSWR&DQGWKHKRWSODWHWR&


























)LJ±6\VWHPSDUWVKHDWLQJDQGFRROLQJXQLWVDQGSODFHPHQWRIVDPSOHV

'HVFULSWLRQRIWKHVDPSOHKROGHU

7KH VDPSOH KROGHU FRQVLVWV RI D PRYDEOH EDVH PDGH ZLWK DOXPLQXP IUDPHV DQG VWHHO EDVH ZKHUH WKH ZDOO WR EH
PHDVXUHGLVVHWWOHGWKLVZLOOOHWXVWRUHSODFHWKHVDPSOHDFFRUGLQJWRWKHUHTXLUHPHQWVRIWKHWHVW7KHVDPSOHKROGHUKDV
DQH[WHUQDODFFHVVRU\WRKROGWKHZDOOWKLVZLOOOHWWREXLOGWKHPDVRQU\ZDOOVRXWVLGHRIWKHPHDVXUHPHQWGHYLFHLQDVDIH
PDQQHU7KHZDOOVFRXOGZHLJKXSWRNJ)RUWKHEDVHRIWKHFDUW7\SH,VWHHOEHDPVZHUHXVHGUXEEHUZKHHOVDQG
VWHHOEDOOEHDULQJVGHVLJQHGIRUDPD[LPXPZHLJKWRINJWKHGLPHQVLRQVRIWKHFDUWEDVHDUHPE\PZLGH
ZKHUHWKHZDOOLVSODFHGZLWKDKHLJKWRIP

,QVLGHWKHFDVHRIWHVWVDQRWKHUWUDQVSRUWV\VWHPVLPLODUWRWKHDERYHZDVEXLOWWKDWZLOOUHFHLYHDQGSODFHWKHZDOOWREH
HPEUDFHGE\WKHKRWDQGFROGSODWHV7KLVLQQHUFDUWLVPDGHIURP375VWHHOSURILOHDOXPLQXPSURILOHVFUHZVDQGJXVVHWV
DVZHOODVEHDULQJVDQGVSULQJVLWDOVRKDVJXLGHVIRUEHDULQJV)LJ






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1812   A.C. Borbón et al. /  Energy Procedia  57 ( 2014 )  1808 – 1814 










)LJD&DUWWUDQVSRUWHUE&DUWZLWKVDPSOHF&DELQHWDQGVDPSOHKROGHU

&RQVWUXFWLRQHOHPHQWVDQGGHYLFHRSHUDWLRQ

7KHGHYLFHH[WHUQDOVWUXFWXUHZDVPDGHRIPHWDOVKHHWDQGDOXPLQXPVXSSRUWIUDPHV7KHFDELQHWLQWHUQDOVWUXFWXUHLV
PDGHRIVWUXFWXUDOVWHHOEHFDXVHWKHKRWDQGFROGSODWHVKDYHDFRQVLGHUDEOHZHLJKWIXUWKHUWKH\KDYHWRHQGXUHWKHVWUHVVHV
ZKHQWKHSODWHVDUHPRYHGDQGWKHSUHVVXUHRYHUWKHPHDVXUHPHQWVDPSOH7KHVDPSOHLVPDGHRQWKHFRQYH\RUFDUWKH
VDPSOHPXVWEHFRPSOHWHO\YHUWLFDODQGWKHQLWLVSODFHGLQVLGHWKHWHVWFDELQHWDVVKRZQLQ)LJ

7R DFKLHYH XQLGLUHFWLRQDO VWHDG\ VWDWH KHDW WUDQVIHU WKH HTXLSPHQWZRUNVZLWK DQ DXWRPDWLF FORVXUH V\VWHP WKDW LV
LVRODWHGDQGVHDOHGWRDYRLGKHDWORVVHVWRWKHH[WHULRU2QFHWKHV\VWHPLVFORVHGSUHVVXUHRYHUIRXUSRLQWLVH[HUWHGE\D
DXWRPDWL]HG SLVWRQV V\VWHP FRQWUROOHG E\ D 3/& ) WKLV SURJUDPPDEOH ORJLF FRQWUROOHU LV GHVLJQHG WR VHTXHQWLDO
SURFHVVHVRQUHDOWLPHE\PHDQVRIIRXUEXWWRQVRXWVLGHRIWKHFDELQHW7KLVHOHFWURSQHXPDWLFV\VWHPZLOODFWXDWHWKHFROG
DQG KRW SODWHV REWDLQLQJ IXOO FRQWDFW EHWZHHQ WKH SODWHV DQG WKH VDPSOH 7KH KRW DQG FROG SODWHV DUH FRYHUHGZLWK DQ
LQVXODWLQJSRO\VW\UHQHPDWHULDORIN &P:ZLWKPWKLFNQHVVWRDFKLHYHSHUPDQHQWVWDWXVPHDVXUHPHQWVDQG
WRDFKLHYHRQHGLPHQVLRQDOIORZDFFRUGLQJWRWKHPRGHOVWXGLHG

7KHPHDVXUHPHQW YDULDEOHV RI WKLV GHYLFH DUH VDPSOH VXUIDFH WHPSHUDWXUHV YROWDJH VXSSO\ DQG FXUUHQW VXSSO\7KH
VXUIDFH WHPSHUDWXUH PHDVXUHPHQWV LQ WKH VDPSOH DUH GRQH E\ PHDQV RI WKHUPRFRXSOHV V\PPHWULFDOO\ DQG XQLIRUPO\
GLVWULEXWHGLQWKHFROGDQGKRWSODWHLQVXFKDZD\WKDWZKHQWKHV\VWHPLVFORVHGWKH\PDNHFRQWDFWZLWKWKHVDPSOH7KH
WHPSHUDWXUHYDOXHVDUHVHQVHGE\PHDQVRIDWKHUPRFRXSOHLQGLUHFWFRQWDFWZLWKWKHVDPSOHWREHPHDVXUHGDQGPRQLWRUHG
E\DV\VWHPZLWKDXWRPDWLFGDWDDFTXLVLWLRQ&5DQG/2*(51(7VRIWZDUHUHSRUWLQJRQDYHUDJHHYHU\PLQXWHV+RW
DQGFROGSODWHVKDYHLQWHJUDWHGWKHUPRFRXSOHVVRWKDWDWVKXWGRZQWKHWKHUPRFRXSOHVDUHLQFRQWDFWZLWKWKHZDOOVXUIDFH
WREHPHDVXUHG7KHWKHUPRFRXSOHVKDYHDVSULQJV\VWHPLQRUGHUWRKDYHDJRRGFRQWDFWZLWKWKHZDOO


0HWKRGRORJ\WRREWDLQGDWDDQG5FDOFXODWLRQ

)LUVW WKH7 LV HVWDEOLVKHG IRU HDFK WHVW 7KHQ WKH FROG DQG KRW VDPSOH VXUIDFH WHPSHUDWXUHV DUH PHDVXUHG E\ 
WKHUPRFRXSOHVNFDOLEHU$:*XQLIRUPO\GLVWULEXWHGLQHDFKVLGHRIWKHVDPSOH7KHQPHDVXUHGWHPSHUDWXUHVRIWKHKRW
DQGFROGDQGKRWVLGHVDUHDYHUDJHG7KHKHDWVXSSOLHGLVREWDLQHGIURPWKHHQHUJ\VRXUFHVZLWK:DWWVRIVXSSOLHGSRZHU
8VLQJ(TXDWLRQDQGWKLVLQIRUPDWLRQWKHWKHUPDOUHVLVWDQFHRIWKHPDVRQU\ZDOOLVFRPSXWHG
5 = 7PXUR
T$

)LJDVKRZVWKHFDELQHWZLWKWKHRSHQLQJZKHUHWKHVDPSOHLVLQWURGXFHG)LJEVKRZVWKHPRYLQJW\SHKROGHU
ZKHUHWKHVDPSOHLVVHWXSDQGFSUHVHQWVDEULFNZDOOIDVWHQHGLQWKHUROOHUKROGHUVDPSOH





 A.C. Borbón et al. /  Energy Procedia  57 ( 2014 )  1808 – 1814 1813















)LJ6HPLDXWRPDWLFGHYLFHIRUZDOOVD&DELQHWE&DUWWUDQVSRUWHUF&DUWWUDQVSRUWHUZKLWZDOOWHVW
&RQFOXVLRQV
$VFRQFOXVLRQLWFDQEHPHQWLRQHGWKDWWKLVGHYLFHLVDQLQQRYDWLYHDSSURDFKWREXLOGRQHDSSDUDWXVWKDWLVDEOHWR
PHDVXUH WKH WKHUPDO FKDUDFWHULVWLFV RI EXLOGLQJ FRPSRQHQWV ,W LV H[SHFWHG WKDW WKH DGYDQWDJHV RI WKLV V\VWHP RYHU WKH
RULJLQDODUHUHIOHFWHGLQWKHIROORZLQJDVSHFWV$PRUHXQLIRUPGLVWULEXWLRQRIWHPSHUDWXUHVLQWKHKHDWH[FKDQJHUSODWHV
OHVVV\VWHPORVVHVWRWKHVXUURXQGLQJHQYLURQPHQWDQGWKHGHFUHDVHRIPHDVXUHPHQWXQFHUWDLQW\7KHGHYLFHLVLQLWVLQLWLDO
VWDJHRIFRQVWUXFWLRQ
$FNQRZOHGJHPHQWV
:H DFNQRZOHGJH &21$&\7 &RQVHMR 1DFLRQDO GH &LHQFLD \ 7HFQRORJtD IRU WKH ILQDQFLDO VXSSRUW JLYHQ WR WKH
FRQVWUXFWLRQRIWKHPHDVXUHPHQWGHYLFH
:HDFNQRZOHGJH8QLYHUVLW\RI6RQRUD(QJLQHHULQJ'LYLVLRQDQGWKH&LYLODQG0LQHV(QJLQHHULQJ'HSDUWPHQWIRUWKH
VXSSRUWRIWKHH[LVWLQJLQIUDVWUXFWXUHLQWKH&LYLO(QJLQHHULQJ/DERUDWRU\IRUWKHIXOILOOPHQWRIWKLVSURMHFW

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